Introduction {#S0001}
============

*Acinetobacter baumannii*, a glucose-non-fermentative aerobic Gram-negative coccobacilli, causes up to 20% of intensive care unit (ICU) infections worldwide, including ventilator-associated and blood stream infections.[@CIT0001],[@CIT0002] *A. baumannii* has a plastic genome, allowing for rapid mutations, acquisition of new genes, and increased virulence in response to environmental stress,[@CIT0001],[@CIT0003]-[@CIT0005] posing a difficult challenge for treatment and infection control. With the global rise in antibiotic resistance, multi-drug resistant (MDR) *A. baumannii* is an increasing threat for both nosocomial and community-acquired infections. Mechanisms for resistance include mobile genetic elements,[@CIT0006] efflux pumps, altered permeability, modification of target sites, and β-lactamases, with all four classes of β-lactamases identified in *A. baumannii*.[@CIT0002] Although both tigecycline and colistin have been used effectively in the treatment of *A. baumannii* previously, resistant isolates have been reported.[@CIT0007],[@CIT0008]

While traditionally associated with nosocomial infections, *A. baumannii* is more frequently attributed to community-acquired pneumonia (CAP) in tropical and sub-tropical climates.[@CIT0004],[@CIT0009],[@CIT0010] Although CAP strains are typically more susceptible to antibiotics than strains implicated in hospital acquired infections (HAI), CAP caused by *A. baumanni* is characterized by a fulminant and severe infection with high mortality.[@CIT0009] Here we describe a novel virulent *A. baumannii* strain (designated LS01) in a case of CAP in Central Eastern China. We investigated its growth pattern, virulence, antimicrobial susceptibility, and genomic characteristics to better understand the microbiology and pathogenicity of this novel strain.

Materials and Methods {#S0002}
=====================

Bacterial Isolates and Antimicrobial Susceptibility Testing {#S0002-S2001}
-----------------------------------------------------------

In addition to LS01 isolated from this case, other *A. baumannii* strains used in this study included a well characterized pathogenic strain AB5075,[@CIT0011] a well characterized nosocomial strain ZJ06 circulating in China,[@CIT0006] and a wild-type control strain ATCC17978. LS01 was identified by the Vitek GNI card (BioMe´rieux, Marcy-l'Etoile, France) as members of the Acinetobacter calcoaceticus-A. baumannii complex. The bacteria were cultured in Luria--Bertani (LB) medium at 37°C. Susceptibility testing for strains was performed using the Etest strip according to the manufacturer's instructions. The results were interpreted according to the CLSI breakpoints (Clinical and Laboratory Standards Institute, 28th Edition).

Efficiency-of-Plating Experiments {#S0002-S2002}
---------------------------------

Overnight cultures of the indicated strains were diluted into fresh LB medium and grown for 4 h. Aliquots of the cultures were serially diluted, and 100-μL volumes were spotted onto Mueller--Hinton (MH) agar plates containing the indicated stressors as follows: for acidic pH, MH medium adjusted to pH 5.5 or pH 4.5 with HCl prior to autoclaving; zinc sulfate (ZnSO~4~) was added to achieve a concentration of 1.25 mM; 30 ^o^C/42 ^o^C were selected as low/high temperature condition. Efficiency of plating (EOP) was calculated by dividing the CFU recovered on stress medium by the CFU recovered on plain MH grown at 37°C. EOP experiments were repeated at least three times, with the most representative colonies shown ([[Supplementary Figure 1](https://www.dovepress.com/get_supplementary_file.php?f=244044.docx)]{.ul}).

Bacterial Growth Curves and Fitness Cost Measurement {#S0002-S2003}
----------------------------------------------------

Four independent cultures per strain were grown over night in MH broth, diluted 1:1000 into fresh MH broth and aliquoted into a flat-bottom 100-well plate in four replicates. The pH 4.5/pH5.5/Zn^2+^ MH broth were prepared as described above. The normal/pH 4.5/pH 5.5/Zn^2+^ plates were agitated at 37 °C, and two normal plates were agitated at 30 °C/42 °C, respectively. The OD~600~ of each culture was determined every 5 min for 16 h using the Bioscreen C MBR machine (Oy Growth Curves Ab Ltd., Finland). The growth rate was estimated by an R script ([<http://dx.doi.org/10.3389/fmicb.2016.01715>]{.ul}). Statistical analyses were performed using GraphPad Prim 5. Two-way analysis of variance (ANOVA) was used to assess differences between the means. A *P* value of \<0.05 was considered as statistically significant.

*Galleria mellonella* Infection {#S0002-S2004}
-------------------------------

Infection of *G. mellonella* was performed as previously described.[@CIT0011],[@CIT0012] *A. baumannii* strains were grown overnight in an orbital shaker (37°C, 200 rpm), and overnight cultures were then diluted 100-fold into fresh medium and grown for 4 h. Cells were collected by centrifugation (5 min, 5000×g), washed once in phosphate-buffered saline solution (PBS), and resuspended in PBS to a final OD~600~ of 1.0. Further dilutions were done in PBS. The number of bacterial cells in the injected sample was enumerated by plating 10-fold serial dilutions on MH agar plates and counting CFU after overnight incubation.

*G. mellonella* larvae weighing 200 to 300 mg were used in the survival assays. Briefly, 10 μL of the sample was injected into the last left proleg of the larvae using a 10-μL glass syringe (Hamilton, Reno, NV) fitted with a 30G needle (Novo Nordisk, Princeton, NJ). Each experiment included control groups of larvae injected with 10μL sterile PBS. Injected larvae were incubated at 37°C, assessing death at 2h intervals in the first 24h, and 8h intervals in the next 48 h, with a total monitor time of 72h. Larvae were considered dead if they did not respond to physical stimuli. Experiments in which 10% or more of the larvae in either of the control groups died were omitted from the statistical analysis. The survival experiments were repeated three times using 10 larvae per experimental group, and the most representative curves were presented. Significance of survival differences was assessed with the log rank test using GraphPad Prim 5. A *P* value of \<0.05 was considered as statistically significant.

Whole Genome Sequencing and Analysis {#S0002-S2005}
------------------------------------

Whole genome sequencing (WGS) by Hiseq (Illumina, Carlsbad, CA) were performed as described previously.[@CIT0008] Bacteria from a single colony were cultured overnight at 37 °C in MH broth. The genomic DNA was extracted via a QIAamp DNA minikit (Qiagen, Valencia, CA, USA) following the protocol of the manufacturer's protocol. Agarose gel electrophoresis and a NanoDrop spectrophotometer (ND-1000, ThermoFisher, Waltham, MA, USA) were used to determine the quality and quantity of the extracted genomic DNA. The DNA library was prepared using Nextera XT kit (Illumina, Carlsbad, CA) and sequenced by using 2x150 bp paired-end sequencing protocol. WGS by MinION (Nanopore, Oxford, UK) was performed following the manufacturer's protocols. The complete bacterial genome was generated by combining the Hiseq sequences and MinION sequences through a hybrid assembly using Unicycler.[@CIT0013]

Determination of plasmid replicons and antimicrobial resistance (AMR) performed using online Center for Genomic Epidemiology (CGE) tools ([<http://www.genomicepidemiology.org/>]{.ul}).[@CIT0014] Virulence genes were identified using the VF Analyzer part of the Virulence Factors of Pathogenic Bacteria (VFDB) database using the default settings.[@CIT0015] Only the results meeting the following criteria are considered valid: Score (bits) \>100 and % Identity \>90%. Closely related species were identified using CGE Kmer-Finder. Single nuclear polymorphism (SNP) tree was generated using CGE CSI-Phylogeny and visualized using Geneious (Biomatters, New Zealand). Geneious was also used to perform sequence alignment analysis. A Kmer tree was constructed using CLC Genomics Workbench v12 (Qiagen, Valencia, CA, USA).

Results {#S0003}
=======

Case History {#S0003-S2001}
------------

A previously healthy 52 years old male villager from Lishui, a town in the Southern Zhejiang Province was admitted to the Sixth affiliated Hospital of Wenzhou Medical University for severe CAP and respiratory failure. The patient presented with productive cough, high fever (39.1°C), chills, fatigue, anorexia, chest tightness, shortness of breath, and abdominal pain. Pulmonary CT showed lobar pneumonia in the right lobe and pleural effusion. Blood test results were consistent with sepsis (white blood cells: 17.7x10^9^/L with 91.8% neutrophils, C-reactive protein: \> 200mg/L and procalcitonin: 41.04 ng/mL). Both blood and sputum culture grew *A. baumannii* with the same antibiogram ([Table 1](#T0001){ref-type="table"}). This patient was successfully treated with imipenem 1g IV q8h and levofloxacin 0.5g qd, with symptom improved after four weeks of treatment. He was discharged after five weeks of hospitalization and the follow-up CT exam showed the lung lesions were significantly resolved three months later. The patient had been a vegetable farmer in a small village of less than 100 people, with no known sick contacts. The patient had also no history of prior hospitalizations nor recent travel prior to the illness. The isolate from the patient's blood (designated LS01) was used for all experiments and genomic analysis in this study.Table 1Antimicrobial Susceptibility Profile of *A. baumannii* StrainsAB5075ZJ06ATCC17978LS01Ceftazidime\>128^＊^128^＊^44Cefepime\>256^＊^128^＊^44Ciprofloxacin\>32^＊^\>32^＊^0.250.125Amikacin64^＊^\>256^＊^10.5Tobramycin32^＊^\>64^＊^10.5Meropenem32^＊^\>32^＊^0.50.5Imipenem32^＊^\>32^＊^0.250.25Ampicillin-sulbactam128^＊^128^＊^22Piperacillin-tazobactam\>256^＊^\>256^＊^816Cefoperazone-sulbactam128^＊^64^＊^22Trimethoprim/sulfamethoxazole32^＊^32^＊^4^＊^0.625Tigecycline120.1250.125Colistin0.50.50.250.25[^2]

Characterization of Growth and Virulence of the LS01 Strain {#S0003-S2002}
-----------------------------------------------------------

LS01 strain grew significantly faster than other strains AB5075, ZJ06, and ATCC17978 at 37°C, 42°C, and when Zn^2+^ was added (P\<0.001) ([Figure 1](#F0001){ref-type="fig"}). LS01 strain was also significantly more virulent than the other strains tested as it killed 100% of *G. mellonera* larvae within 8 h, while no other strains killed 100% of larvae within 72 h ([Figure 2](#F0002){ref-type="fig"}). WGS revealed multiple virulence genes including 14 genes associated with biofilm formation, 1 gene associated with adherence, 2 phospholipase genes, 18 genes associated with iron uptake, and 2 signal transduction genes ([[Supplementary Table S1](https://www.dovepress.com/get_supplementary_file.php?f=244044.docx)]{.ul}). However, none of these virulence genes were unique to LS01 as they are also found in other strains included in this study (data not shown).Figure 1Growth rate study. Growth rate of AB5075, ZJ06, LS01, and ATCC17978 strains were measured at (**A**) 37°C, (**B**) 30°C, (**C**) 42°C, (**D**) pH=4.5, (**E**) pH=5.5, and (**F**) Zn^2+^. Two-way analysis of variance (ANOVA) was used to assess differences between the means.Figure 2*G. mellonera* killing study. The percent survival of *G. mellonera* after infection with AB5075, ZJ06, LS01, and ATCC17978 was measured for 72 h after infection. Statistical significance was calculated using log rank test. The survival experiments were repeated three times (n=10 larvae per experimental group), and the most representative curves were presented.

Characterization of Drug Susceptibility and AMR Genes {#S0003-S2003}
-----------------------------------------------------

LS01 was susceptible to all antibiotics tested and its susceptibility pattern was most similar to the ATCC17978 strain ([Table 1](#T0001){ref-type="table"}). Whole genome sequencing data matched this as no plasmid replicon was detected and there were no acquired AMR genes except for chromosome carrying β-lactamase genes (*blaADC-25* and *blaOXA-91*). When comparing to the reference resistance genes, LS01 had 99.88% identity and 96.18% identity to *blaOXA-91* (DQ519086) and *blaADC-25* (EF016355), respectively. There was a single silent mutation in *blaOXA-91* (G\>A at nucleotide position 720). However, ISAba1 insertion sequence was not found upstream of *blaOXA-91*, which has been shown to be necessary to turn on the expression of this gene.[@CIT0021] Six non-synonymous mutations were identified for *blaADC-25* including E119V, K150Q, S167P, A270T, V347I, and N379S, but it is not clear how these mutations affect the enzymatic function.

Phylogenetic Analysis of the Novel *A. baumanii* Strain {#S0003-S2004}
-------------------------------------------------------

LS01 species identification was confirmed by NCBI BLAST based on the full-length 16S ribosomal RNA gene sequence extracted from the WGS data, with \> 99.8% identity to *A. baumannii* and \<99.0% identity to other *Acinetobacter* species. The *A. baumanii* strains associated with the following names and NCBI accession numbers were identified as the most closely related: XH858 (NZ_CP014528.1), MRSN15313 (NZ_CP033869), ATCC 17978-mff (NZ_CP012004.1), ZW85-1 (NC_023028.1), CA-17 (NZ_CP012587.1), Ab04-mff (NZ_CP012006.1), IOMTU 433 (NZ_AP014649.1), and AB042 (NZ_CP019034.1). A pathogenic strain AB5075-UW (NZ_CP008706.1) and the main nosocomial strain circulating in China MDR-ZJ06 (CP001937.2) were also included for comparison. The most closely related *A. baumanii* strains were AB04-mff and XH858 ([Figure 3](#F0003){ref-type="fig"}). However, the percentage identity between LS01 and those two strains was only 72.5% ([[Supplementary Table S2](https://www.dovepress.com/get_supplementary_file.php?f=244044.docx)]{.ul}). LS01 was even less related to the predominant circulating *A. baumanii* strain in China MDR-ZJ06 and a highly pathogenic strain AB5075-UW with percentage identify of 65.1% and 64.4%, respectively ([[Supplementary Table S2](https://www.dovepress.com/get_supplementary_file.php?f=244044.docx)]{.ul}).Figure 3Phylogenetic analysis of the novel *A. baumannii* strain LS01. (**A**) K-mer tree; (**B**) single nuclear polymorphism (SNP) tree.

Discussion {#S0004}
==========

This was an unusual case of CAP caused by a novel wild-type *A. baumannii* strain (LS01). It remains uncertain how this patient became infected with this virulent strain as the patient was a vegetable grower in a rural village of less than 100 people, with no history of previous hospitalizations or sick contacts. Individuals with chronic pulmonary disease, renal disease, heavy smoking, diabetes mellitus, or excessive alcohol consumption have an increased risk for developing *A. baumannii* CAP.[@CIT0004] Our patient met none of these criteria, further posing the question of the source of infection. One potential hypothesis for acquisition of this hypervirulent *A. baumannii* strain is through contact with the environment. Although there has not been a natural source of *A. baumannii* identified,[@CIT0016] *Acinetobacter* has been found in water and food sources in wet climates, with antibiotic resistant strains isolated from these sources.[@CIT0004] In fact, MDR *A. baumannii* isolates from urban sewage and river water matched strains in hospital-acquired pneumonia,[@CIT0017] supporting a connection between clinical and environmental strains.

CAP due to *A. baumannii* is typically more fulminant compared to HAP. This is evidenced by an overall higher mortality,[@CIT0018] with mortality occurring within 48--72 h after hospital admission.[@CIT0009] In one study, all patients with CAP *A. baumannii* developed an acute clinical presentation, including septic shock, acute kidney injury, or respiratory failure and over half of the patients died.[@CIT0010] Consistent with these studies, our patient presented with severe pneumonia and bacteremia.

The virulence of this strain, as demonstrated by the moth killing experiment ([Figure 2](#F0002){ref-type="fig"}) is striking. Increased virulence in *A. baumannii* has been shown to be attributed to porins, capsular polysaccharides, protein secretion systems, biofilm formation, and metal acquisition systems.[@CIT0002],[@CIT0012] The thick capsular polysaccharide of *A. baumannii* reduces the susceptibility to complement-mediated killing, while the ability to form biofilms promotes persistent growth in the healthcare setting.[@CIT0001] *A. baumannii* actively pumps out chlorhexidine, a common hospital antiseptic that targets cell membranes, using the Acinetobacter chlorhexidine (AceI) efflux protein, rendering the disinfectant less effective.[@CIT0001] One study found that nearly a quarter of air samples from patient rooms were contaminated with carbapenem-resistant *A. baumannii*,[@CIT0004] demonstrating the potential airborne spread of the bacteria. Furthermore, virulence is maintained despite desiccation and starvation.[@CIT0005]

In the case of this isolate, LS01, multiple virulence factors were identified including genes associated with biofilm formation, adherence, phospholipase, and iron uptake. Interestingly, many of these virulence genes have also been identified in MDR *A. baumannii* including ompA, bap, bfmS, csgA csuE, and pgaB[@CIT0019] as well as the ATCC 17978-mff, AB5075-UW, and MDR-ZJ06 strains (data not shown). Despite the prevalence of these genes in MDR *A. baumannii*, one study found that there was no significant difference in the presence of ompA and bap genes between environmental and clinical isolates.[@CIT0020] This poses the question of why LS01 is so virulent despite no known unique virulence factors identified. This will be the focus of future studies. One limitation of this study is that the database used to identify virulence genes does not provide information regarding chromosomal mutations or structural changes that may impact virulence. The other limitation is that we did not include more clinical *A. baumannii* strains in this study, which may help elucidate the reasons for this hypervirulent phenotype.

Although hospital-acquired *A. baumannii* strains are typically resistant to most drugs, CAP strains are usually less resistant, as is the case with this CAP strain, LS01. LS01 was susceptible to all drugs tested ([Table 1](#T0001){ref-type="table"}) despite possessing naturally occurring β-lactamases *blaOXA-91* and *blaADC-25. BlaOXA-91* is a blaOXA-51-type β-lactamase, which does not contribute to intrinsic β-lactam resistance unless an ISAba1 insertion sequence is located upstream.[@CIT0021],[@CIT0022] *BlaADC-25* is a chromosomally encoded cephalosporinase that typically confers resistance to all β-lactams.[@CIT0023] Our results showed that there are no identified mutations that could account for change in function of *blaOXA-91*, matching our susceptibility testing. However, six non-synonymous mutations identified in *blaADC-25* could potentially change the enzymatic activity of this β-lactamase. Further studies are needed to understand the mechanism behind the pan-susceptible nature of LS01.

Taken together, we describe a novel community-acquired hypervirulent strain of *A. baumannii* causing a severe pneumonia in a previously healthy individual. The discovery of this strain raises concerns for an emerging pathogen, which is more than 25% genetically different from all other known *A. baumannii* strains. It should be noted that *A. baumannii* is known to have a very plastic genome with 25-46% of the genes unique to each strain.[@CIT0003] The introduction of this virulent strain from the environment into a hospital setting is concerning since the bacteria could possibly spread to other areas and rapidly gain antibiotic resistance due to its genomic plasticity. Further epidemiological studies are needed to understand the degree of spread of this pathogenic strain among the community in China.
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